K+-uptake genes of Vibrio alginolyticus were identified by cloning chromosomal DNA fragments of this organism into plasmids, followed by electroporation and selection for growth at low K+ concentrations of cells of an Escherichia coli strain defective in K+ uptake. A 41 kb DNA fragment contained a cluster of three ORFs on the same DNA strand: the previously identified trkA gene, a gene similar to E. coli trkH (V. alginolyticus trkH) and a new gene, o d l , whose function is not clear. Products of V, alginolyticus trkA and od9 were detected in E. coli minicells. tr&A and trkH from V. alginolyticus restored growth at low K+ concentrations of an E. coli AtrkA and an E. coli AtrkG AtrkH strain, respectively, suggesting that these V , alginolyticus genes can functionally replace their E. coli counterparts. In addition, a plasmid containing V. alginolyticus trkAH permitted growth of an E. coli AsapABCDF (AtrkE) strain at low K+ concentrations. This effect was mainly due to V. alginolyticus trkH and was enhanced by trkA from this organism. Measurements of net K+-uptake rates indicated that the presence of these genes in E. coli renders the Trk systems independent of products from the E. coli sapABCDF (trkE) operon.
INTRODUCTION
In prokaryotes, K+ is essential for the activation of enzymes, for turgor pressure homeostasis and for salt tolerance (Csonka & Epstein, 1996 ; Stumpe et al., 1996) . Since K+ is supplied by accumulation, Kf-uptake systems are indispensable. Bacteria contain multiple Kfuptake systems, and in Escherichia coli at least four systems can be present : Kdp, Kup (TrkD), TrkG and TrkH Silver, 1996; Stumpe et al., 1996) . The inducible high-affinity Kdp system belongs to the Ptype ATPases (Hesse et al., 1984 The GenBanWEMBUDDBJ accession number for the sequence reported in this paper is D86411.
two of these systems, since the prophage rac region contains with trkG a second copy of the trkH gene (Schlosser et al., 1995) . Other bacteria are likely to possess only TrkH and not TrkG (Stumpe et al., 1996) .
These two E. coli systems show one significant difference : TrkH requires all three trkA, trkE and trkH gene products, but TrkG still shows considerable activity in the absence of trkE (Dosch et al., 1991) . The trkA gene product (TrkA) is a peripheral membrane protein bound to the inner side of the cytoplasmic membrane (Bossemeyer et al., 1989) . Isolated TrkA binds NAD' (Schlosser et al., 1993). trkA genes have been identified in a number of bacteria, including Vibrio alginolyticus (Nakamura et * Due to plasmid construction, the codon for the C-terminal amino acid residue Arg,,, from trkH has been replaced by codons for GlyIle-Arg-Asn-His-Gly-His-Ser-Cys-Phe-Leu-Cys-Glu-Ile-Val-Ile-Arg-Ser-Gln-Phe-His-Thr-Thr-Tyr-Glu-Pro-Glu-Ala,,, in trkHl1.
SDue to plasmid construction, the codon for the C-terminal amino acid residue Arg,,, from trkH has been replaced by codons for GlyAsn-Ser,,, in trkHl2.
11 Due to plasmid construction, the codons for the C-terminal amino acid residues from Leu,,, to Arg,,, of Orfl were deleted and replaced by Ser-Ile-Arg,,, in orfl a.
S Due to plasmid construction, the codons for the C-terminal amino acid residues from Ala,, to Arg,,, of Orfl were deleted and replaced by Gly-Asn-Ser,, in orflb.
corresponds to sapD and sapF, which both encode ATPbinding proteins ( (Rhoads & Epstein, 1977; Stewart et al., 1985) . Finally, in all bacteria studied thus far, the trk genes lie dispersed on the chromosome. In the marine bacterium V. alginolyticus, K+ uptake is tightly coupled to Na' extrusion, and transmembrane K+ movement participates in the regulation of internal pH (Nakamura et al., 1984 (Nakamura et al., ,1992 . To understand these phenomena, it is essential to identify the K+-transport genes from V. alginolyticus and characterize their products. This bacterium lacks the high-affinity Kdp system, but contains an inducible Kf-uptake system of intermediate affinity ( K , for K+ of 0-3 mM) and a constitutive low-affinity uptake system ( K , for K+ of 3 mM) (Nakamura et al., 1994~). We successfully isolated ion-transport genes from V.
alginolyticus by using mutant strains of E. coli for selection (Nakamura et al., 1994a (Nakamura et al., , b, 1996a 
METHODS
Bacterial strains, gene bank, plasmids and growth conditions. The strains and plasmids used in this study are listed in Table 1 . E. coli strain TG1 was used for the production of plasmids. Plasmid pYMKl containing V. alginolyticus trkA as well as a 2 kb region 5' to this gene has been described previously (Nakamura et al., 1994b) .
To generate a new DNA library from V. alginolyticus, chromosomal DNA from this organism was partially digested with the restriction enzyme Sau3AI. Fragments obtained were introduced into the BamHI site of plasmid pHG165 (Stewart et al., 1986) . Cells of strain NovaBlue (Novagen) were transformed with the plasmid mixture by electroporation. About 66% of the colonies were white. A plasmid pool was isolated from approximately 30 000 colonies and brought into strain TK2450 (AkdpFABCS trkDl AtrkH AtrkG) by electroporation. About 100 colonies were obtained on plates containing 3 mM KC1, 4.6 mM Na,HPO,, 2.3 mM NaH,PO,,
thiamin, kanamycin, chloramphenicol, ampicillin at the concentration specified below and 22 mM glucose, final pH 7.0 (K3Nalll.5 medium, in which the numbers specify the K+ and Na+ concentrations in mM) (Nakamura et al., 1996b) . Plasmid pKT6 was selected for its ability to support growth of strain TK420 (AkdpFABC5 trkD2 trkAam) in K3Nalll.5 medium plus thiamin and ampicillin. If appropriate, supplements or antibiotics were present at the following concentrations :
thiamin and nicotinic acid, 1 mg 1-l; kanamycin, 10 mg 1-l; chloramphenicol, 20 mg 1-l; ampicillin, 75 mg 1-l. Deletion plasmids from pKT6 were made as described in the legend of Fig. 1 .
Nucleotide sequencing. Restriction mapping was done according to standard methods (Sambrook et al., 1989) . DNA nucleotide sequences of both strands of the chromosomal insert from plasmids pKT6 and pYMKl (Nakamura et al., 1994b) were determined by the dideoxy chain-termination method using DNA ligated with bacteriophage Ml3mp18 or M13mpl9 DNA as a template, the BcaBest sequencing kit (Takara) and Sequenase version 2.0 (Amersham). DNA primers used for sequencing were made in an Oligo 1000 DNA synthesizer (Beckman), Parts of the nucleotide sequence of subcloned chromosomal inserts in plasmids were determined using a Taq cycle sequencing kit (Takara), PCR (PTC-150 instrument ; M J Research) and automated fluorescence sequencing (DSQ-1000 instrument ; Shimazu). Nucleotide sequences were analysed with the GENETYX-MAC program (Software Development). Protein similarity search was done with the program TFASTA (Pearson & Lipman, 1988) at the Human Genome Center, GenomeNet, Kyoto Center, Japan.
Other methods. Minicell experiments were carried out as reported previously (Reeve, 1984; Schlosser et al., 1991) , except that the minicell-forming strain DK6 (Klionsky et al.,
1984) was used. Cells used for K+-transport assays were cultured in minimal K30Na85 medium (Epstein & Kim, 1971 ).
Net Kf uptake by K+-depleted cells was measured using a siliconeoil centrifugation technique for separating the cells from the medium (Bakker & Mangerich, 1981) . At t = 0, K+ was added at a concentration of 1 or 2 mM to two separate cell suspensions made from the same batch of cells. Handling of the samples and K+ determination with an Eppendorf flame photometer were as described by Bakker & Mangerich (1981) . The volume of the cytosol was assumed to equal 1.45 p1 (mg dry wt cells)-' (Bakker & Mangerich, 1981) .
RESULTS

Cloning and nucleotide sequencing
E. coli strain TK2691 was used for the characterization of plasmids carrying K+-uptake genes from V. alginolyticus. This strain lacks functional TrkH and TrkG systems due to its trkHl and trkG90 alleles and is also defective in K+ uptake via its Kdp and Kup systems (Table 1) . It grows poorly at Kf concentrations < 10 mM. Plasmid pKT6 was selected by its ability to support growth of strains TK2450 (AtrkH AtrkG) and TK420 (trkAam) at low K+ concentrations as well as strain TK2691 at 3 mM K+.
The nucleotide sequence of the 4-1 kb V. alginolyticus chromosomal DNA insert from pKT6 was determined.
It contained trkA, which had already been cloned in plasmid pYMKl (Nakamura et al., 1994b) . Two additional complete ORFs were located at the 3'-end of trkA, and all three frames had the same direction of transcription (Fig. 1) 
Nucleotide sequence of flanking regions
At the 3' end of orfl, plasmid pKT6 contains the end of an ORF, encoded by the opposite DNA strand. This frame is followed by a sequence of nucleotides forming a putative rho-independent terminator of transcription.
The nucleotide sequence 5' to trkA, as present in plasmids pKT6 and pYMK1, was also determined. In this region, the chromosome organization of V. influenzae, with the genes fmt and fmu being located in this order upstream of, and on the same DNA strand as, trkA (Fleischmann et al., 1995; Berlyn et al., 1996) . However, in contrast to these genome data, ' fmu' from V. alginolyticus consists of two partially overlapping genes, which we have called fmu and fmv (Fig. 1 and accession no. D86411). E . coli fmt encodes MettRNAret formyltransferase (Guillon et al., 1992) . The functions of fmu and fmv are not known.
Deletion plasmids
A series of deletion plasmids was constructed to study the expression and function of the V. alginolyticus trkAH and orfl genes (Fig. 1) . Due to the method of construction used, plasmids pKT622 and pKT65 encode TrkH variant proteins with an extended C-terminus of 27 (TrkH11) and 2 residues (TrkH12), respectively (see Table 1 ).
Expression in E. coli
We examined which V. alginolyticus trk gene products are made in E . coli minicells (Fig. 2) . Compared with minicells containing the vector plasmid pHG165 (lane 1) or the AtrkAH and Aorfl plasmid pKT623 (lane 7 ) , cells containing plasmid pKT6 (lane 2) showed three additional polypeptides with apparent molecular masses of approximately 54,26 and 24 kDa. The 54 kDa band is TrkA, since it is absent in minicells containing the AtrkA plasmids pKT62, pKT63, pKT622 or pKT623 (lanes 3, 4, 5 and 7 , respectively). The 24 and 26 kDa proteins probably represent two forms of Orfl, since they were absent from minicells containing the Aorfl plasmids pKT622, pKT65 or pKT623 (lanes 5-7, respectively). The TrkH protein was not detected (cf. minicells with plasmids pKT6, pKT622 and pKT65, encoding TrkH, T r k H l l and TrkH12, respectively, with the AtrkH plasmid pKT623; Fig. 2 , lanes 2 and 5-7). E. coli TrkH and TrkG migrate in the type of gels shown in Fig. 2 with a rate closely similar to that of the /?-lactamase precursor (Schlosser et al., 1991 (Schlosser et al., ,1995 . It is, however, unlikely that V. alginolyticus TrkH was not observed in Fig. 2 before loading them on the gel nor increasing the pmercaptoethanol concentration to 15 % in the sample buffer influenced the position and relative intensity of the two Orfl bands (results not shown).
Next, the subcellular locations of TrkA and Orfl were investigated. T o this end, minicells were labelled and subsequently disrupted by sonication and the fractions of soluble proteins and membrane proteins were isolated by differential centrifugation (Schlosser et al., 1991 ; Fig.  3 ) . Pre-8-lactamase and the mature form of this protein occurred exclusively in the membrane and soluble protein fractions, respectively, showing that the separation of these fractions was satisfactory (Fig. 3 , lanes 5-8). In agreement with previous results with E. coli (Bossemeyer et al., 1989) and S . typhimurium (ParraLopez et al., 1994) , V. alginolyticus TrkA was present in both fractions (Fig. 3, lanes 5 and 7) . This result supports the notion that TrkA is a peripheral membrane protein (Bossemeyer et aZ., 1989) . The two forms of Orfl were mainly located in the membrane fraction (Fig. 3, lane 5) .
This result was not anticipated, since the nucleotide sequence of orfl predicted its product to be mainly hydrophilic. Closer inspection of the amino acid se- quence encoded by orfl indicates that residues 3-25 and 54-73 might just be hydrophobic enough for their localization within a membrane.
Function of the trkAH and otfl genes
The effects of the deletion plasmids (Fig. 1) 
pKT623 (-) pHG165 ( AtrkA strains LB2003 and LB700 to grow at low K+ concentrations, suggesting that the V. alginolyticus trkA gene product is active in E. coli.
The data in Table 2 with strains TK2691 (trkH1 trkG92) or LB65O (AtrkH AtrkG) showed that V. alginolyticus trkH is functionally equivalent to the E. coli trkH and trkG genes, since all V. alginolyticus trkH-containing plasmids supported rapid growth of these strains at 1 mM K+. Plasmid pKT622 supported growth of these strains only at 10 mM K+ and above. The relatively poor complementation by this plasmid is probably due to inactivity of the TrkH11 variant due to its long Cterminal extension. By contrast, the TrkH12 variant must be active, since plasmid pKT65 allowed strains TK2691 or LB650 to grow at 0.1 mM K+ (Table 2) .
Plasmid-pKT6-directed expression of V. alginolyticus trkAH was constitutive in E. coli, since cells of LB700 (AtrkA) containing this plasmid showed identical kinetic parameters for net K+ uptake [ K , of about 250 pM and a VmBx of about 220 nmol min-l (mg dry wt)-l], regardless of whether the cells were grown at 0-3 or at 30 mM K+ (results not shown). Table 2 shows an additional effect in that plasmid pKT6 and some of its derivatives allowed the E. coli AsapABCDF strains LB670, LB680 and LB700 to grow at low K+ concentrations. This effect was examined further by measuring K+ uptake in Na+-loaded cells of plasmidcontaining LB670 (AsapABCDF) and LB700 (AsapABCDF AtrkA), grown at 30 mM K+ (Fig. 4a, b , respectively). The absence of trkA gave strain LB700 a K+ uptake null phenotype (e.g. strain LB700 containing the non-complementing plasmid pKT63 ; Fig. 4b ). By contrast, strain LB670 (AsapABCDF) showed some residual K+ uptake [LB670 containing the noncomplementing plasmids pSS420 (carries E. coli trkA), pKT63 (orfl') or pKT623 (AtrkAH Aorfl)]. The residual uptake by this strain is due to partial independence of the E. coli TrkG system of sapDF, formerly 'trkE', (Dosch et a!., 1991;  C. Harms, W. Epstein, R. Tewes, E.
Noelker & E. P. Bakker, unpublished observations; see Discussion). Cells of strain LB670 grew at 3 mM K+ and above ( Table 2 ) .
Plasmid pKT6 (trkAH orfl') stimulated K+ uptake by both AsapABCDF strains to a level similar to that of plasmid pTWE341 (sapABCDF') in strain LB670. This might suggest that orfl from V. alginolyticus replaces sapDF from E. coli. However, the following experiment shows that this is not the case: plasmid pKT65 (trkAH+ Aorfl) and plasmid pKT6 (trkAH orfl') enabled both strains to take up K+ with approximately the same rapid rate (Fig. 4) . We then examined whether V. alginolyticus trkA, trkH or both genes are required for this stimulatory effect. The major effect was caused by V. alginolyticus trkH, since plasmid pKT662 (trkH+) stimulated K+ uptake by strain LB670 to an extent closely similar to that of strain LB670/pKT65 (trkAH+) (Fig. 4a) . Also, V. alginolyticus trkA exerted a small but significant effect, since in strain LB670 plasmid pKT64 (trkA+) stimulated K+ uptake twofold compared to background activity (Fig. 4) . This effect was specific for trkA from V. alginolyticus, since the E . coli trkAcontaining plasmid pSS42O did not stimulate strain LB670, and only enhanced K+ uptake by strain LB700 to a level similar to that of strain LB670 without a complementing plasmid (Fig. 4) . K+-uptake genes from V. alginolyticus 
DISCUSSION
Archaeoglobus fulgidus (Klenk et al., 1997) and V. alginolyticus (this work) are the first two prokaryotes in which it has been found that the t r k A and trkH genes cluster together on the chromosome. For V. alginolyticus, it is not yet known whether these t r k A and trkH genes form an operon. The small intergenic distances and the related function of the t r k A and trkH gene products are in favour of this notion. Coordinated expression of t r k A and trkH may be advantageous to the cells. However, at present there is no evidence that this expression is inducible, since K+ uptake via plasmidpKT6-encoded V. alginolyticus TrkAH was, in E. coli, independent of the K+ concentration at which the cells were grown (see Results). The Trk systems from E. coli are constitutive (Rhoads et al., 1976) . Hence we assume that cloned trkAH genes from V. alginolyticus encode the previously described constitutive K+-uptake system of this bacterium (Nakamura et al., 1994~) . An argument against this notion might be that at 0.25 mM, the observed K , for K+ uptake via plasmid-pKT6-encoded V. alginolyticus TrkAH was similar to that of the inducible K+-uptake system ( K , 0-3 mM), rather than to that of the constitutive system ( K , 3 mM) of that bacterium (Nakamura et at., 1994~) . However, we attribute this phenomenon to a multiple-copy effect, since for E. coli it has been shown that plasmid-encoded TrkG lowers the K , for K+ uptake via the Trk systems by a factor of four (Schlosser et al., 1991 (Schlosser et al., , 1995 . Moreover, we have cloned a second set of V. alginolyticus genes, which encode high-affinity K+-uptake activity in E. coli ( K , for K+ uptake below 50 pM). We assume that this system represents the inducible, highaffinity system from V. alginolyticus (Nakamura et al., 1998) .
Both TrkA and TrkH from V. alginolyticus restored K+ uptake by E. coli strains from which the corresponding genes had been deleted (Table 2; Fig. 4b ). Since the E. coli Trk systems consist of several components (Stumpe et al., 1996) , these data suggest that hybrids are formed between E. coli and V. alginolyticus trk gene products. A special case of such an interaction concerns that between V. alginolyticus TrkAH and E. coli SapDF ('TrkE') . It was already known that the E. coli TrkH system requires 'trkE', but that the E. coli TrkG system depends only partially on it (Dosch et al., 1991) . Here we show that the activity of V. alginolyticus TrkAH is completely independent of E. coli SapDF ('TrkE') (Fig. 4) . The interpretation of this result is not straightforward, but we will provide two alternative hypotheses. The first rests on the unproven assumption that the ATP-binding proteins SapDF confer ATP dependence to the Trk systems. Independence of K+ uptake of sapABCDF genes would then suggest that this process has become independent of ATP. It is, however, difficult to understand why Trk systems from the two relatively closely related organisms V. alginolyticus and E. coli would exhibit a major difference with respect to their ATP requirement. We therefore favour the second hypothesis, which is based on the observation that both E. coli and S . typhimurium contain several peptide transporters closely related to SapABCDF (Parra-Lopez et al., 1993) . We propose that in E. coli, V. alginolyticus Trk 'borrows' ATP-binding subunits from ABC transporters other than Sap, and that the same is to some extent true for E. coli TrkG. Recent work on sugar On: Thu, 13 Dec 2018 22:13:40 T. N A K A M U R A a n d OTHERS ~ uptake by Streptomyces liuidans suggests that the ATPbinding subunit MsiK from the cellobiose-uptake system can also be used by the maltose-uptake system of this organism (Schlosser et al., 1997) , suggesting that ATPbinding components of ABC transporters are exchangeable among different systems.
The function of the orfl gene product is not clear. Deletion of the 3' 70% of the gene did not affect K+ uptake via the Trk systems in E. cofi (Table 2 and Fig. 4) . Moreover, the E . coli genome does not contain an orfl gene (Blattner et al., 1997) , suggesting that the gene is not essential for the activity of the E. coli Trk systems. In several bacteria, the gene 3' to trkA is mscL, which encodes a stretch-activated channel (Parra-Lopez et al., 1994; Sukharev et al., 1994; Fleischmann et al., 1995 
